Despite the apparent lack of serious complications from MSC infusions, recent studies show that MSCs are detected by the immune system. For example, NK cells,
Introduction
Cell-based therapies for inflammatory and auto-immune diseases are an emerging area of interest. Intestinal disease targets include inflammatory bowel disease (IBD), short gut syndrome and irradiation damage. A major reason why cellular therapy has become attractive for these diseases is that treatment must be multifocal and include the ability to dampen inflammation, minimize opportunistic infection and stimulate repair. Mesenchymal stem cells (MSCs) have been utilized for this purpose due to their ability to differentiate into multiple cell types within a variety of organs as well as suppress immune functions. Early clinical trials with MSCs have yielded some exciting therapeutic potential, although the precise mechanism of their action is still unclear. Our opinion is that before their complex mechanisms as therapeutics can be fully understood, there must be more focus on the fate of MSCs after transplantation (i.e., location, clearance, and cellular properties). In this review, we will cover the studies in small animal models and relevant clinical studies published in the last 2 years and focus on the properties of transplanted cells as a therapy for intestinal diseases.
General properties of intravenously injected mesenchymal stem cells
MSCs are fibroblast-like cells that can differentiate into various cell types including adipocytes, osteoblasts, and chondroblasts [1] . Human MSCs have been isolated from a variety of tissues most typically by rapid adherence to tissue culture plastic. These cells contain a common immunophenotype of cell surface markers [e.g., positive for CD90, CD73, and CD105 and negative for CD45, CD34 and human leukocyte antigen (HLA)-DR] as defined by the International Society for Cellular Therapy [2] . MSCs were initially considered for cell-based therapy because of their ability to home and differentiate at sites of injury as well as secrete paracrine mediators that stimulate repair and dampen inflammation [3] . Numerous studies show that intravenous MSC infusions are well tolerated from allogeneic or surprisingly even from xenogeneic donors in small animal models [4, 5] . One mechanism by which MSCs may avoid robust rejection is that they secrete HLA-G, a natural inhibitor of 'allograft' rejection [6] . This nonclassical HLA class I molecule is best known for its expression in trophoblasts during pregnancy [which lack major histocompatibility complex (MHC) molecules] and protects the fetus from being attacked and rejected by maternal natural killer (NK) cells and T cells. Taken together, these studies have led some investigators to propose that human MSCs are 'nonimmunogenic' [7] . into allogeneic mice [8] . This clearance mechanism includes memory as cells injected a second time are cleared faster. This response is really not surprising given MHC Class I mismatch in this experimental system. In another study, MSCs intracranially injected into allogeneic rhesus macaques stimulated inflammation that was cell-dose and MHC-mismatch dependent [9 ] . Interestingly, MSCs upregulated MHC class I and class II molecules and showed less immunosuppressive ability after differentiation [10] . Future studies need to carefully evaluate the long-term immunosuppressive and immunoprivileged characteristics of MSCs, and whether immune recognition leads only to elimination of MSCs or to exacerbated clinical disease.
MSCs are classically isolated from bone marrow, though umbilical cord, adipose tissue, or recently the human gingiva has also been used as a source [11 ,12] . In mice, MSCs have been isolated from nearly every tissue including the intestine [12, 13] . During homeostasis, MSCs appear to be perivascular in location and may be pericytes [14] . Although many early studies used bone marrow MSCs, the need for more substantial quantities of these cells for clinical transplantation has driven studies of MSCs derived from anatomical locations more easily obtained in humans. In addition, more precise methods of isolation are in development. For example, Nestinþ CD45À cells have been identified as MSCs in the bone marrow, a finding that may allow for better isolation and purer populations in future studies [15 ] .
To date, the most common route of MSC transplantation in human and animal studies is intravenous injection.
There are many reports that MSCs introduced in this manner become trapped in the lung, including our own observations after injecting colonic MSCs ( Fig. 1) . A recent study actually quantified this phenomenon. When human MSCs were injected intravenously (i.v.) into mice, 99% of the cells disappeared from the blood in 5 min and the majority of cells were trapped as emboli in the lungs [16 ] . A small percentage of MSCs (2-3%) reappeared in the blood up to 1 h after injection. The half-life of the trapped MSCs was approximately 24 h. The reason for MSC entrapment in the lungs was their large cell size [17 ,18] . A minor effect was MSC integrin a4 binding VCAM-1 on lung endothelium [17 ] . These studies introduce the question about which cells are therapeutic after MSC infusion: the majority of cells that stay trapped in the lung, the rare cells that traffic to sites of injury, or both populations of cells. The effect of MSCs entrapped in the lung versus those that home to sites of injury is still unclear in most cases.
Role of mesenchymal stem cells as regenerative cells
MSCs have enormous potential as regenerative cells because of their stem cell properties. One well-established model for in-vivo homing and stem cell activity of injected MSCs is myocardial repair, whereby these cells home to damaged heart tissue and differentiate into cardiomyocytes [19] . However, it is unclear what role, if any, exogenously added MSCs play in the regeneration of intestinal epithelial or stromal supporting cells that undergo constant and rapid renewal [20] . Older studies (primarily using irradiation injury) showed that bone marrow derived stem cells can migrate into the intestines after various injuries and differentiate into stromal cells [20, 21] . These bone marrow transplants include MSCs that potentially are the source of the replacement stromal cells, suggesting that under the correct conditions, MSCs can perform this role. One recent paper found that MSCs underwent myogenic differentiation upon homing to the intestine during the repair phase of dextran sodium sulfate (DSS) colitis [22] . However, the degree to which differentiation played a role in the therapeutic benefits of systemically injected MSCs was unclear, because injection (and therefore entrapment in the lung) has not been decoupled from differentiation in this system.
Recent studies showed that systemically delivered MSCs can home and enter inflamed intestine; however, they appear to do so inefficiently. When human MSCs were injected i.v. into sublethally irradiated mice, only 0.13% of the cells in the intestine were donor-derived after 3 days [23 ]. Additionally, these investigators noted that intestinal engraftment occurred in only 40% of mice despite clinical improvements in all treated mice, suggesting that engrafted cells in the intestine were not necessary for clinical benefits. A second study also supports low engraftment efficiency. Here, one million human MSCs injected i.v. into DSS-treated mice resulted in a transient engraftment in the intestine that peaked at day 2 postinjection and showed 15 transplanted MSCs/mg of tissue [24 ] . Few cells were detected at day 6 postinjection. It is not clear from these studies to what degree MSC-derived stromal cells were present.
Although MSC engraftment in moderately damaged intestine appears to be an inefficient process, recent efforts are aimed at increasing this efficiency. Recent studies have made inroads into understanding MSC homing. Cellular homing to the bone marrow requires E-selectin ligands; however, MSCs were shown to lack the proper sugar modifications on CD44 to bind E-selectin [25] . After modification of CD44 ex vivo using a selective fucosyltransferase, MSCs were able to enter the bone more efficiently. Although an exciting proof of principle, the use of ex-vivo enzymes is limited to glycosylated proteins already present on MSCs and may prove more difficult for targeting MSCs to other locations such as intestines. A second method was to genetically modify MSCs [26] . Using a model of murine myocardial infarction MSCs were engineered to overexpress the chemokine receptor CXCR4. This receptor increased their recruitment to ischemic heart tissue that expressed the cognate ligand CXCL12. This study has implications for human intestinal diseases, because CXCL12 is expressed in the intestine and CXCR4-expressing cells are recruited during inflammation in IBD [27] . One study found that culturing MSCs under sublethal hypoxic conditions increased adhesion, survival, and chemotaxis toward CXCL12 in vivo [28 ] . The increased chemotaxis was due to upregulation of CXCR4 through the AKT/ PI3K pathway. Taken together, these studies suggest that simply pretreating cultured MSCs in hypoxic conditions may increase cell survival and the in-vivo migration to inflammatory tissues expressing CXCL12, including the intestines. Additionally, these studies highlight the importance of setting strict guidelines for how MSCs will be grown in culture, as culture conditions can alter MSC properties.
One other approach to improve MSC engraftment in the context of intestinal inflammation was to coat MSCs with antibodies [29 ] . MSCs were treated with palmitated protein G and then coated with anti-VCAM-1 or MAd-CAM-1 antibodies. When injected into DSS-treated mice, an increase in VCAM-1-coated MSC engraftment occurred in the colon. Both MAdCAM-1-coated and VCAM-1-coated MSCs significantly increased survival after DSS compared to no treatment, MSCs alone, or MSCs co-injected with free MAdCAM-1 or VCAM-1 antibodies. Future studies will need to determine whether engraftment in the intestine increases the regen-erative cells (MSCs), increases the regenerative properties (paracrine factors), or is unrelated to the therapeutic effects observed after MSC transplant.
Intravenously injected mesenchymal stem cells as local mediators of regeneration
Two hallmarks of MSCs are their immunosuppressive and anti-inflammatory functions in vitro and in vivo. MSCs can suppress a wide array of both innate and adaptive immune cells as well as activate regulatory T cells by direct and indirect pathways [7] . MSCs from xenogeneic, allogeneic and syngeneic sources isolated from bone marrow, colonic, gingival, and adipose tissues all have shown a surprisingly similar level of clinical success for many different types of injury. Despite this seemingly interchangeable feature of MSCs from different sources, MSCs isolated from a wide variety of mouse organs are not identical as determined by cell surface molecules or their differentiation efficiency [13] . One recent study has found that MSCs isolated from human adipose tissue had a higher expression of chemokine receptors when compared to MSCs from human bone marrow [30] . One future need is more comprehensive studies that make direct comparisons of MSCs from varying sources.
Regarding the mechanism of the MSC effects in damaged or diseased tissue, the emerging paradigm is that immunomodulation is critical, perhaps more important than their multipotent stem cell capabilities. MSCs secrete many growth factors including VEGF, IGF-1, and EGF as well as immunomodulatory molecules such as prostaglandin E2 (PGE2), TGF-b and IL-10. Recently, the anti-inflammatory protein tumor necrosis factor (TNF)-stimulated gene 6 (TSG-6) was identified by microarray analysis in human MSCs trapped in the lung after injection into mice with induced myocardial infarction [16 ] . TSG-6 is upregulated by pro-inflammatory cytokines and in turn inhibits leukocyte migration potentially through alteration of CD44 interacting with hyaluronic acid [31] . We predict that additional immunosuppressive factors will be discovered depending on the source of MSCs and the cause and location of injury. Discovery of the important soluble factors produced by MSCs could potentially lead to therapies where the factors are produced in high quantity and injected without the cells. For a recent example, recombinant TSG-6 was added by intraocular injection after corneal chemical and mechanical injury and was shown to reduce inflammation [32] . Also, MSC supernatant has been shown to enhance skin wound healing in part by increasing angiogenesis and macrophage recruitment [33] .
MSCs may also play immunomodulatory roles through contact-dependent mechanisms. One such contactdependent mechanism is the inhibitory signaling through PD-L1 on MSCs and its receptor PD-1 on activated lymphocytes and myeloid cells. This pathway is well known to play a central role in limiting inflammation by inhibiting activated lymphocytes [34] . In a mouse model of systemic lupus erythematosus, IFN-g primed MSCs inhibited B cell proliferation and differentiation into plasma cells in a cell-contact-dependent mechanism involving PD-1-PD-L1 interactions [35] . IFN-g increases PD-L1 on MSCs in vitro; therefore, it is possible that MSCs inhibit activated lymphocytes in vivo through this pathway. Because many intestinal diseases such as IBD are thought to involve overactivation of T cells, MSCs may provide additional benefit if they can contact lymphocytes in the diseased area. There may be other cell-contact-dependent mechanisms MSCs can utilize in vitro, but more research is needed to understand the contribution of systemically secreted factors, locally secreted factors, and cell-contact interactions.
Local injection of mesenchymal stem cells
Although intravenous injection is the most widely used method for transplanting MSCs, local injection or topical application of MSCs may be more useful under certain situations. Local injection may be more beneficial, because it removes the need for cell homing to the injured site and therefore more cells may participate in healing and repair (Fig. 2) . MSCs have been injected into the colonic submucosa after rats injured with trinitrobenzene sulfonic acid and were shown to decrease lesion size compared to injected phosphate buffered saline or bone marrow cells [36] . MSCs have also been injected into the submucosa of rats after ischemia-reperfusion injuries and shown to decrease pathology scores and bacterial translocation [37] . Additionally, these investigators showed an engraftment efficiency of approximately 20%, providing evidence that local injection may be a reasonable method to increase MSC engraftment. Another successful local MSC injection was found in mice injured with irradiation. In this study, transplanted mice had increased survival and histological scores [38] . One final exciting use of locally applied MSCs was seen in a phase II clinical trial for treatment of complex perianal fistulas [39] . Patients were treated with fibrin glue or fibrin glue plus adipose-derived MSCs. Seventy-one percent of the patients in the þMSC group 122 Small intestine 
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Most MSCs that are injected intravenously become trapped in the lung, where they are capable of performing systemic immunomodulation. The few MSCs that escape the lung can enter circulation and engraft in inflamed tissue to act as local regenerative or immunomodulatory cells. Future research is needed to clarify the importance of each mechanism so that future therapies may become more targeted. For example, local injections of MSCs, in-vitro manipulation of MSCs, and injection of MSC supernatants may all provide better clinical outcomes depending on the specific disease or tissue that is targeted. MSC, mesenchymal stem cell.
demonstrated clinical healing as compared to 16% with glue alone. These recent advances in local applications of MSCs should encourage more research and clinical trials using novel introduction of MSCs.
Mesenchymal stem cells can modulate the activation state of macrophages
MSCs can interact with immune cells in order to dampen specific responses to injury and inflammation, as described in more detail elsewhere [4, 7, 40] . Macrophages are critical cells in many intestinal inflammatory diseases, because they can be responsible for both initiating and resolving inflammation and can communicate with all the major effector cells of the immune system. Macrophages can also stimulate the epithelial progenitor niche during injury in order to help maintain the epithelial barrier [41, 42] . Although MSCs secrete many molecules capable of modulating macrophages [i.e., indoleamine 2,3-dioxygenase (IDO), TGF-b, and PGE2], the exact mechanisms are still an active area of research.
An in-vivo model using cecal ligation puncture highlights the importance of PGE2 released by MSCs toward inhibition of classic macrophage activation. Bone marrow MSCs injected i.v. were activated by Toll-like receptor ligands or TNFa to stimulate production of PGE2, which in turn led to IL-10 production by macrophages [43 ] . Given the short range of action of PGE2 and the fact that most injected MSCs were in close proximity to lung macrophages, it is likely that the lung macrophages may have been the primary target of MSCproduced PGE2. Thus, questions remain as to whether i.v. injected MSCs can program anti-inflammatory macrophages through PGE2 in the injured intestine, where relatively few MSCs are found in close proximity with macrophages. It is worthwhile to note that PGE2 released from MSCs likely can have other effects, such as maintaining epithelial integrity in the intestine during injury [44] . In a separate study, human gingival MSCs polarized macrophages to produce IL-10 in vitro and in a skin wound healing model [45] . However, polarization required IL-6 and granulocyte-macrophage colonystimulating factor and was only partially dependent on PGE2 and was independent of IL-10. 
Conclusion
MSCs are an emerging area of interest, with more than 1500 papers published in the last 2 years, compared to approximately 600 published from 2004 to 2006. Most of the original studies describing these cells involve injecting MSCs in an attempt to repair damage or inflammation. Recent studies in the last 2 years have critically examined homing, paracrine, and systemic mechanisms of these cells, with an increased focus on where these cells exert their therapeutic properties. Future studies should answer the critical question as to the mechanism by which MSCs exert an impact on intestinal diseases. 
